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Intensive molecular* genetic studies un- 
dertaken in, the past 10 years have started 
to solve many of the pircizlesin the area of 
compatibility and incompatibility between 
plants and bacterial pathogens. These 
: studies have provided answers to. some of 
the most fundamental questions in plant 
pathology. What bacterial genes are in- 
volved in the establishment of compatibil- 
ity or incompatibility between plants and 
necrogenic bacteria? What traits distin- 
guish plant-pathogenic bacteria from sap- 
rophytic bacteria? Are these genes and 
. traits common in seemingly very diverse 
groups of plant-pathogenic bacteria, from 
soft-rot erwinias to local lesion-forming 
pseudomonads? In this article, we will 
discuss some recent advances in under- 
standing the compatibility or incompati- 
bility between plants and necrogenic bac- 
teria (bacteria- that cause tissue necrosis). 
The potential application of these advances 
to disease management will be addressed 
briefly. Interested readers should consult 
other recent reviews (6,8,4540) for a more 
technical discussion on this topic. 

Pliant-Bacteria Interactions: 
Incompatible vs. Compatible 

Kant-pathogenic bacteria cause devas- 
tating diseases on many important crop 
plants. Some bacteria, such as Agrobacte- 
rium tumefaciens, cause tissue deformation 
(tumors) by altering hormone balance in 
infected plant tissues. Other bacteria cause 
: wilt or soft rot by interfering with the 
function of the plant vascular system or by 
disintegrating plant tissues, respectively. 
Many pathovars of Pseudomonas syringae 
and Xanthamonas campestris cause local 
lesions oh various plant tissues. Disease 
symptoms caused by most planupathogeme 
bacteria involve plant call death, in this 
article, only necrogenic bacteria will be 
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discussed. Therefore, gall-forming A 
tumefaciens and other bacteria that do not 
cause necrosis will not be addressed. 

Plant-bacteria interactions can bp gen- 
erafly classified as compatible or income 
patible interactions. In a compatible inter- 
action, a susceptible host plant is infected 
by a virulent (or compatible) bacterium, 
Resulting in the multiplication and spread 
of the baaeiram in infected plant; tissues 
and the appearance of disease symptoms. - 
In sn incompatible interaction, an avirulent 
(or incompatible) bacterium attempts to 
infect a resistant host plant or a nonhost 
plant, but the multiplication, and spread of 
the bacterium are severely restricted A 
hallmark: of many incompatible interactions 
is the occurrence of rapid plant cell death 
at or 'near the attempted infection site, a 
phenomenon known as : die hypersensitive 
response (HR; 16,29). That is. although an 
avirulent bacterium is^unable to cause 
• typical spreading disease symptoms in a 
resioant'host or nonhost plant,.it is able to 
elicit localized plant cell death. The HR is 
associated with a wide array of defense 
responses that may inhibit iuither pathogen 
invasion, inclnding synthesis of antimi- 
crobial compounds, induction of plant 
■defense genes, and strengthening of the 
plant cell wall by rapid -cross-linking of 
cen wall components (1032). 

Although a true plant-pathogenic bacte- 
rium can elicit a dramatic plant response— 
either disease or resistance— in a healthy 
plant with tfc appropriate genetic back- 
ground, saprophytic bacteria or bactena 
that are pathogenic on organisms - other 
than higher plants are generally vinableJto 
initiate any- interactions ^ plants. Of 1,600 
known species of bacteria, only about 80 
species have been found to cause plant 
isea^ (1)- What are' the fcamres lhai 
distinguish .iUrt- prjwgenii bacteria from 
other .types V>cteria?.Ta^ differ- 
ence* eive no due to the differences in 
pathug^Uy; For example, Erwinia «my- 
i^/^te bacterium that causes fire blight, 
* awftomiaity more closely related to the 
hunur: pa^-ogens Escherichia cod ana 
rVnv^s spp. j*a to another common plant 
pjvl*v/«rnl P. .vyn/tsur. 



Genes Controlling 
Compatibility Between Plants 
and Bacteria 

In the early 1980s, a number of re- 
searchers started to; use transposon-medi- 
ated mutagenesis, a technique developed in 
the study of £ colt, to reveal bacterial 
genes that play important roles in various 
plant-bacteria interactions. A transposon is 
a mobile DNA element that can hop in and 
out of the bacterial chromosome. When a* 
transposon hops into a gene on the 
chromosome, the gene is physically dis- 
rupted and cannot produce a . functional . 
product (Fig. I). If the gene happens to be 
important in plant-bacterial ; interactions, 
the mutant bacterium carrying the dis- 
rupted gene will show a defect in initiating 
normal plant-bacterial interactions. 

Using such a mutagenesis technique, 
Niepold et aL (35) and Lindgren et ai.(33) . 
identified clysters of bacterial genes, known 
as /i/p (f oTfffi and pathogenicity) genes, 
in the bean pathogens Pseudomonas 
syringae ^y. syringae and P. s. pv, ptiaseo- 
licola, respectively. Transppson-induced- 
mutations in hrp genes were found to 
abolish the ability of R syringae to elicit 
the HR in. nonhost plants or to. cause 
disease in host plants (3335)/ % mutants 
behave very much like bacteria that have 
ho apparent interactions withj plants,, such 
as £ edit The identification of hrp genes 
suggested that the molecular mechanising) 
underlying bacterial pathogenicity and 
bacterial dictation of plant disease 
resistance may involve the same bacterial 
genes. . 

hrp genes; have been isolated from many 
plant-pathogenic bacteria and; have been 
characterized most extensively from P. j. 
p* syringae, P. s. pv. phaseoiicola. Pieu- 
domonas sohsnacearum (which causes wilt 
in many solanaceous plants), 4 Xamhomonas 
campestris pv, vesicatoria. (Which causes 
bacterial spot oh tomato and pepper), and 
£ amylovora (6,8.45). Isolation (cloning) 
of hrp genes was acc mplished by insert- 
ing random genomic DNA fragments from 
a wild-type, planr-pathogenic bacterium into 
a cloning vector, foil wed by introduction of 
cl ned DNA fragments into 'hrp mutants 
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(Fig. 0. If a'cloned DNA fragment carries 
a wild-type copy of the mutated top gene 
in an top mutant, it will produce a 
functional top gene product and therefore 
complement the mutated hrp gene located 
in the chromosome (Fig. 1). Surprisingly, 
the- cloned hrp clusters- from f. * 
synngae 61 and £ amylovora 321 enabled 

flZZcens) to eUcit the HR^planU 
(5.24). The functional cloning of these two 
h^A^^E-coU^ciim^ 
minimum number , of genes required for 
.dldtarjon of the HR by plant-pathogenic 
bacteria U carried on a DNA fragment 
about 25 to 30 kb in length,, a very small 
portion of the bacterial genome (which is 
nbrmally about 4.000 to 5,000 kb). 

DNA-DNA hybridization studies indi- 
cate that at least some top genes are simi- 
lar among necrogehic bacteria belonging to 
different genera (P. synngae, E. amylo- 
von, Erwinia steward R solanaceanm. 
and X. campestris) (31). Recent DNA 
sequence studies confirm that many top 
genes cloned . from diverse-. 
iemc bacteria are homologous (23.46). 
Thus, top ger*s appear to : be universal 
.among diverse, necrosis-causing, gram- 
negative bacterial pathogens of plants. 

Biochemical Functions 
of hrp Genes 

' The biochemical functions of hrp genes 
have remained a puzzle until recendy. 
DNA sequencing has played a major roie 
in the determination of many hrp csn= 
functions. As will be discussed, many -J~p 
eenes have striking similarities with genes 
of known function. Figure 2 shows the 

hrp genes of P. s. pv. synngae. (23). There 
are atleast 25 hrp genes in this bacterium. 
Based on DNA sequence'sinularity to other 
■ known genes and subsequent biochemical 
and molecular characterization, we. no* 
know that hp genes- have at least thrcs. 
biochemical functions: gene regulation, 
protein secretion, and production of tu< 
elicitor proteins. ■■' . 

t Gene regulation. It was discovered 
that top genes either are not expressed 1 or 
are expressed at very low levels (i.e.. they 
make very low levels of protein products) 
when bacteria were grown in nutrient nca 
bacteriological media, whereas they aic 
highly expressed when bacteria are in tlw 
inSrceUular space (apoplast) of p=ant tis- 
sues (2537,41.46.484243). What condi- 
tions in plant tissues induce th expression 
of hrp genes, and how do bacteria detect 
uies7inducing conditions? Unlike virus*, 
nematodes, and many fungi, plant-patho- 
- eenic bacteria do not invade living plsr. 
cells. Therefore, signal exchanges between 
plant cells and bacteria must occur m (or 
Uirough) the apoplast outsiders plantcdL 
A number of laboratories have observed 
that induction of P. syringae hrp genes 
could be achieved by using artificial 



minimal media lacking complex nitrogen 
nutrients, indicating that lack of nutrients 
i„ the plant apoplast may be the signal for 
the induction of hrp genes (25,37,52Jj)- 
Specific compounds (e.g.. sucrose and 
sulfur-containing amino acids) present in 
the plant apoplast may also serve as signals 
for the induction of X c. pv. vesicotona 
hrp genes (41). The induction of hrp genes 
in the nutrient-poor plant apoplast or in 
artificial minimal media indicates that hrp 
genes may be involved in bactenal 
nutrition in plants. 

How do bacteria Sense the plant apoplast 
environment? It was found that at least 
three of the 25 hrp gene products are 
involved in detection' of the apoplast envi- 
ronment by P. syringae: hrpL hrpS, and 
krpR (18,51: Fig. 2). The hrpS and hrpR 
ire among the first two top genes to be 
expressed once bacteria enter plant tissues 
(5142). It has been hypothesized that the 
HrpS and HrpR proteins, once produced, 
bind to the "promoter" "sequence of the 
hrpL gene to "promote" the production ,of 
the HrpL protein (51). Once the HrpL 
protein is produced..it activates promoters 
of other top genes and some bactenal 
avirulence (avr; genes., which determine 
gene-for-gese interactions between bacte- 
ria and plants (25.2.6.38.4041; Fig. 3). Not 
all bacterial avr genes are regulated by top 
genes (30). Interestingly, hrpS and hrpR 
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are similar in sequence to a family f bac- ■ 
terial proteins that regulate genes involved 
in diverse metabolic functions,' including 
genes involved in nutrient transport and 
metabolism (18.51). The sequence simi- 
larity of tops and hrpR with gene regula- 
tors involved in nutrition appears to sup- 
port the hypothesis that top genes are 
involved in bacterial nutrition in the nutri- 
ent-poor plant apoplast. This hypothesis is 
further supported by the observation that 
the expression of top genes can be turned 
off by complex nitrogen sources, tricar- 
boxylic acid cycle intermediates, high 
osmolality, and neutral pH,.some of which 
are characteristic of rich bacterial media 
(25.37,41.464243). - j ; 

An topS homoiog has been found in a 
very different bacterium, E.. amylovora (S. 
V.- Beer, personal communication). In P. 
solanacedrum, a different top gene (topB) 
was found to be involved in the detection 
of the plant apoplast (15). Thus, different 
bacteria may or may not use the same 
mechanism to detect *e apparendy similar 
environment in the plant apoplast. 

2. Protein secretion. One surprising 
finding from the sequence analysis of top 
genes was that many top genes show 
striking similarities to those involved in the 
secretion of proteinaceous virulence factors 
in human and animal pathogenic bacteria 
(12.17i22.3 0 ,46). Most . plant-pathogenic 
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bacteria chat -cause necrosis are gram- 
negative, that is, they have two cell 
membranes enveloping the cytoplasm. For 
any large molecule (e.g., a protein) to go 
through a lipid membrane, a special secre- 
tion apparatus or channel' composed of 
many proteins must be assembled across 
both cell membranes. Gram-negative plane 
pathogenic bacteria are known to make 
several types of secretion apparatus. For 
example, Erwinia ckrysanihcmi, a fcacte 
riura that causes soft rot, makes one type o f 
secretion apparatus for proteases and 
another for plant cell wall-degrading en- 
zymes (21*39). Both types of secretion 
apparatus are widely conserved among 
many other bacteria, including human 
pathogens such as £ coli and Pstudo- 
monas aeruginosa (21,39). The hrp genes 
were found to specify a third type of se- 
cretion apparatus, the Hrp secretion appa- 
ratus, which appears to be similar to tr*; 
one discovered in several human-patho- 
genic bacteria, including Yersinia spp. 
(12,17,22,39,46). Interestingly, although 
the regulatory hrp genes in different bac-. 
teria may be different (hrpS t hrpR, and 
hrpL in P. syringae versus hrpB in P. sola* 
nacearum), most hrp genes involved in the 
assembly of the Hrp secretion , apparatus 
are similar among diverse plant-pathogenic 
bacteria. This suggests that although 
different bacteria, may detect the plant 
apoplast environment in their own unique 
ways, they nevertheless produce similar 
types of protein secretion apparatus. 

3. Production of elicitor proteins. The 
discov ry of the novel Hrp secretion appa- 



ratus raised an immediate question: What 
arc fte proteins that traverse it? Since hrp 
genes are essential for bacteria; both to 
elicit the plant HR <md to cause disease, it 
was expected titai some of the proteins that 
traverse the Hrp secretion apparatus may 
be eiicitors of plant HR and that others 
may be involved in. causing necrosis during 
pathogenesis. Wei et al. (47) First provided 
evidence that one of the £ amyiovora hrp 
genes [hrpty encodes a proteinaceoiis 
eii^i ior (itarpin). Harpin elicits HR aecrusi: 
wnen injected :v«to tie apoplast of 
appropriate pl»«& (47). Although no hrpN 
gene homolog could be found in P. 
synr.gce, another- . proteinaceous " HR 
eiidtov (harpinpsj) was identified and was 
shown to be encoded by a different hrp 
gene, hrpZ (20 Furthermore, harpinp a 
^aa the Sri; extracellular protein shown to 
be,. f ctrr^Kri the Hrp secretion apparatus 
(20>; Al&^jj^icriaJ protein elicitor of the 
HR was identified in P. solanacearwn and 
was rciied PopAl'(2).\The" £ amyiovora 
harpin, R x py. syringae 61 harpin^, and 
R solanacearwn Pop A 1, although largely 
dissimilar in primary sequences, , share 
similar properties that may be important in 
theL* HR elicitor activities. They: are all 
heat S!abi*\ glycine rich, and hydrophilic 
Hoinologi cf £ amytovq/a harpin and P. s. 
pv. ; ^ymigae 61 harpin^ have been 
identified :ir ether pathogenic strains that 
belong to the genus Erwinia and the 
speces ?. syringae, respectively (4,20). 
Thus, at least three proteins that traverse 
the riro secretion apparatus of three 
diverse bacteria elicit the HR. . 



The Search for Prot ins 

that Traverse the Hrp Apparatus 

As mentioned earlier, bacterial mutants 
defective in the Hrp secretion apparatus -are 
unable to elicit the HR in resistant plants 
and to cause disease in. susceptible plants. 
The question is, how many proteins are 
secreted via the Hrp secretion apparatus? If 
harpins and PopA are the only proteins that 
traverse the Hrp secretion apparatus, then 
mutations in the genes that make harpins 
and PopA would also eliminate the ability 
Of bacteria to elicit the HR in resistant 
plants and to cause disease in host plants. 
However, if there are other pathogenicity- 
or HR-reiated proteins secreted via the Hrp 
apparatus, mutations, in only harpin- or 
PopA-ehcoding genes would not com- 
pletely abolish the ability of bacteria to - 
elicit the HR in resistant plants or to cause 
disease in host plants. Wei et al. (47) 
reported that mutations in the; gene coding 
for harpin of £ amyiovora destroyed the 
abiliry of the bacteria both to trigger the 
HR in resistant nonhost tobacco and to 
cause disease in susceptible pear fruits. 
Mutations in the gene coding for harpiriech 
of E chrysanthemi prevented the bacter- 
ium from triggering the HR in the nonhost 
tobacco and reduced the ability of the 
bacterium to initiate disease lesions in host 
plants (4). In the case of harpinp„ of P. 
syringae, mutation analysis has*' been 
complicated by the complex gene structure 
and organization surrounding the hrpZ 
gene. Conclusive data regarding the role of 
harpinpu in plant-/ 5 , syringae interactions 
are yet to be shown. PopAl was- shown to 
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. Fig, 2. hrp genes of Pseudomonas syringae There are at I ast 25 hq* genes (hrpA to /i/pZ) In P. syringae. hrpS, hrpR, and hrpL (In 
yellow) are Involved In the detection of the plant eooruast environment and In th activation of all other hrp gen s, avr genes, and 
possibly ther path genldty-related genes. Most o?*er hr* genes (In red) are involved In the ass mbly of the Hrp secretion appara- 
tus In the bacterial env I pe, thr ugh which travels a newly discovered class of bacterial vtrulence/avlrulence proteins (in green), 
Including HrpZ 
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be/ dispensable for pathogenicity of R 
solanaccarum in the susceptible host plant, 
tomato, or for HR clicitation in the nonhost 
• plant, tobacco (2), indicating that there 
must be other HR-elicitors and patho- 
genicity factors that traverse the Hrp 
-secretion apparatus in this bacterium. 
Further examination indicated that PopAl 
may function as an avirulence gene, me- 
diating gene*for-gene interaction in certain 
Petunia-/*, soianacearum interactions (2,45). 
Thus, the Hrp secretion apparatus in each 
bacterium may secrete a different number 
of proteins. Identification of other proteins 
that traverse the Hrp secretion apparatus is 
n w an active research area and is essential 
for a complete understanding of krp-mt? 
diated plant-bacterial interactipns. 

Factors Modifying hrp 
Gene-Mediated Compatibility 

Two broad classes of bacterial genes 
may superimpose their functions on the hrp 
gene-mediated compatibility or incompat- 
ibility between plants and bacteria: avr 
genes and various virulence genes. The avr. 
genes mediate genotype-specific incompat - 
ibility in resistant host plants. Virulence 
genes promote the production of disease ; 
symptoms and are usually needed for the 
full virulence of bacteria. 

Bacterial avr Genes 

Flor ( 14) formulated the gene-f or-gene 
hypothesis in his work on flax-flax rust 
interactions. Flor hypothesized that the 
resistance of a given flax .cultivar to a 
given fungal race is the result of the inter- 
action between a fungal avr gene and a 
corresponding flax resistance gene. There- 
fore, the interactions between the plant's - 
resistance genes and the pathogen's avr 
genes would limit the host range of the 
pathogen. Staskawicz et al. (44) first • 
cloned an avr gene from a soybean bacte- 
rial pathogen, Pseudomonas syringae pv. - 
glycinsa, and showed that the cloned avr 
gene could convert virulent R x pv. gty- 
tinea strains that cause disease into aviru- 
lent strains thai elicit the HR : in certain 
soybean cultivars carrying the correspond- 
ing resistance genes, /thus validating the > 
role of avr genes in controlling host range. 
Since then, numerous avr genes have been 
cloned fromplant-pathogenic bacteria (27). 
Several plant resistance genes have also 
been cloned using molecular genetic 
approaches (e.g., 34,43). 

What is the relationship between the avr 
genes and hrp genes, both of which .are 
involved in eliciting the HR? Several labo- 
ratories have observed that avr genes can- 
not trigger the genotype-specific HR in hrp 
mutants, i.e., avr genes depend on 
functional hrp genes for expressing their 
phenotype (25,26,28^8,40). There are 
several ways f explaining such d pend- 
ence (Fig. 4). One possibility is that Avr 
proteins are dependent on the Hrp se«e- 
tion apparatus for secretion. Alternatively, 
Avr function requires a prior plant response 



elicited by the /i/p-controlled extracellular . 
factors (such as harpins). A third possi- 
bility is that Avr proteins, with no HR- 
eliciting activity by themselves, cause the 
cultivar-specific HR by either covalently 
modifying harpins or modulating the 
expression of harpins in a plant resistance 
gere-dependent manner yet to be understood. * 
Finally, it is also -possible that Avr proteins 
are secreted directly into the plant cell with 
the help of harpins, assuming that receptors 
for Avr proteins, are inside the plant cell. 
Studies are being carried out to resolve 
these possibilities. 

Bacteria! Virulence Factors 

The* genetic * diversity of plant-patho- 
genic bacteria is reflected in their ability to 
cause diverse disease symptoms ranging 
from soft rot to: tissue necrosis to 
^wldfire." These Averse disease symp- 
toms are likely the result of the action of 
several, sometimes unique, virulence fac- 
tors produced, by a given bacterium in 
addition to ^-controlled pathogenicity 

plant apoplast signals 



factors! For example, research from many 
laboratories has shown that t xin produc- 
tion plays an important role in the forma- 
tion, of chlorosis and necrosis (3,19,49). 
Extracellular polysaccharides may be in- 
volved in the formation of water-soaking 
lesions (11,13) and in the production of 
wilt symptoms by clogging the plant vas- 
cular 1 system (9). Plant cell waU-<legrading 
enzymes are responsible for tissue disinte- 
gration and the appearance of the soft-rot 
symptom (7). Plant hormones produced by 
plant-pathogenic bacteria are involved in 
the induction of tissue deformation (42). 

Both hrp genes and bacterial virulence 
factors are. necessary for disease symptom 
production, but what is the relationship 
between them? A logical relationship 
would be that /up-controUed extracellular 
factors are involved in obtaining nutrients 
in early stages of pathogenesis, whereas 
other virulence factors drive the initial 
compatible stage into a fully compatible 
one, leading to- the production of various 
disease symptoms. At least two lines of 
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Flo. 3. Diagram of the signal transduction cascade In the detection of th plant 
aoooLrenvSronment by Pseudomonas syringa* The plant apoplast "wonnwnt 
mmttLd nuXnte anWor certain unlqti c mpounds) activates the axpresalon of hrpS 
KTSSmdTC mechanism yet t b understood (step 1). The hrpS and hrp R gene 
Sroductt fl andT^wectively) bind t end activate the promoter of the hrpL gene 
?Zo 2tTh Mlgm produ« i fo. In turn, binds to pr m ters of other hrp genes, avr 
££(7«3 oth£ becti rial patrigenlcltv^ated genes to promote th ^expression of 
8££ q n s?resultlng In the Initiation of diverse plant-bacteria Interactions (step 3). 
Modified from Xia etal.<51).. 
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evidence seem to support this relationship. 
First., hrp genes are highly conserved 
among diverse plant-pathogenic bacteria, 
whereas virulence factors vary greatly 
among bacteria. Second, while mutations 
in the hrp gene completely abolish both 
bacterial pathogenicity and elicitation of 
the HR, mutations in virulence genes (e.g., 
toxin-production genes) often do not 
eliminate pathogenicity and have no effect 
on bacterial elicitation of the HR (3,19,49). 



hrp Gene Functions 
and Disease Management 

A major reason for. discovering bacterial 
and plant factors critical for/ bacterial 
pathogenesis and plant resistance is to 
develop novel and environmentally safe 
strategies for controlling plane diseases. 
The discovery that the Hrp secretion appa- 
ratus is .crucial to bacterial pathogenesis 
provides a foundation for designing novel 
chemicals and antibodies that would block 
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Fig. 4. Working models for possibl Interactions between hrp genes and avr genes. 
Model 1: Avr signals (Avr proteins or their enzymatic products) are secreted through 
the Hrp secretl n apparatus to ellcft the hy?ersensltfr response (HR) and resistance* 
Model 7x Harpins and Avr signals modify each otrw before interacting with plant re- 
ceQjtprs, Avr signals, may or may not bo secreted via tra Hrp secretion apparatus. 
Model' 3: Harpins and Avr signals Interact with respective piant receptors. Plant re* 
sponae elicited by harpins must precede plant resp ns elicited by Ayr signals, Avr 
signals may or may not be secreted via the. Hrp secretion apparatus. Model 4: Avr 
proteins are secreted Int the plant cell with the help of harpins. Avr signals may or 
may not be secreted via the Hrp secretion apparatus.. In m dels 1 to 3, receptors for 
Avr pr telns are presumed t be on the plant cell surface. In model 4, receptors for 
Avr proteins are Insld the plant ceil. 



the assembly of the Hrp secretion appara- 
tus or the passage of bacterial virulence 
proteins through it* Alternatively, suscep- 
tible crop plants could be genetically engi- 
neered with genes encoding proteinaceous 
HR elicicors, such as harpins, under the 
control of plant promoters inducible by 
virulent pathogens. If this approach were 
successful, the HR or resistance would be 
triggered in otherwise compatible interac- 
tions, limiting disease development 
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Bacterial home goal by harpins 



UHa Bonas 



Host-pathogen interactions 
are dynamic and multi- 
factorial; whether a micro- 
organism succeeds or fails in col- 
onizing a potential host depends 
on factors from both organisms. A 
successful pathogen has to over- 
come the defenses of the host. In 
bacteria that are pathogenic for 
animals or for plants, particularly 
Gram-negative organisms, a large 
number of genes are essential to 
infect host tissue and establish 
disease. Expression of these genes 
is generally controlled by environ- 
mental conditions such as tempera- 
ture, pH, salt concentration and 
nutrient availability 1,2 . 

Pathogenicity, hypersensitive 
reaction and ellcltors 

In the Gram-negative plant patho- 
gens Erwinia, Pseudomonas and 
Xantbomonas, genes organized in 
clusters of 25-40 kb are fundamen- 
tally involved in any obvious inter- 
action with a plant (for a review see 
Ref. 3). These genes have been des- 
ignated hrp (hypersensitive reaction 
and pathogenicity) because they are 
essential not only for pathogenicity 
towards a susceptible host plant, 
but also for interaction with re- 
sistant host varieties and with 
plants that are not a host for that 
pathogen. In plants, the hypersensi- 
tive reaction (HR) (Ref. 4) is a rapid 
defense reaction involving localized 
plant cell death and production of 
substances such as phenolics and 
phytoalexins at the site of infection. 
The HR prevents pathogen spread 
and thus halts disease development. 

In the wild, plants are resistant 
to the majority of pathogens. The 
HR, therefore, is an important de- 
fense mechanism against all kinds 
of possible disease agents (bacteria, 
fungi, nematodes and viruses). It is 
not only important to interactions 
of pathogens with nonhost plants, 
but also to interactions between 
plants that carry resistance genes 
and microorganisms that are patho- 
gens for that species. 



Although the genes involved in 
plant defense 5 '* are becoming better 
understood, very little is known 
about the nature of the initial sig- 
nals and their perception. Induction 
of the HR in a bacterium-plant 
interaction requires functional hrp 
genes and appears to be mediated 
by signal molecules or c elicitors\ 
Recent DNA sequence analyses 
indicate that several putative Hrp 
proteins from different species are 
related and may be involved in a 
secretion system reminiscent of 
secretion of Yops (Yersinia outer 
proteins) in Yersinia 7 ' 11 . So far, only 
one specific elicitor of the HR in 
a bacterium-plant interaction has 
been described. The avrD gene from 
Pseudomonas syringae pv. tom- 
ato mediates production of a low- 
molecular-mass compound that 
specifically induces the HR only 
in the soybean plant (a nonhost) 
when it carries die corresponding 
Rpg4 resistance gene 5 * 12 , 

Harpins 

Recently, two bacterial HR-in- 
ducing proteins, called 'harpins', 
were identified in Erwinia amy- 
lovora 11 and P. syringae pv. iyrin- 
gae u . Although the harpins differ 
in primary sequence, they have 
several features in common: they 
are glycine rich and heat stable, 
and they both induce* an HR in 
tobacco, a nonhost plant for these 
bacteria. The genes encoding har- 
pins are localized within the hrp 
clusters and obviously have a dual 
role in that they are also required 
for pathogenicity towards the 
normal host plant. Both hrp clus- 
ters allow nonpathogenic bacteria, 
such as Escherichia colt, to induce 
an HR in tobacco after recombi- 
nant expression, suggesting that 
the genes for the tobacco HR 
elicitors are present within the 
clusters 15,16 . 
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The first harpin to be ident- 
ified, harpin^, is a cell-envelope- 
associated protein encoded by 
the hrpN gene of Er. amylovora, 
a pathogen of pear and apple 13 . 
Recently, He and co-workers 14 have 
used an elegant approach to ident- 
ify harping, which is encoded by 
the hrpZ gene in the bean patho- 
gen P. 5. pv. syringae. Lysates of 
an expression library in £. co/f, 
made using the cloned P. s. pv. 
syringae hrp cluster, were direcdy 
screened for HR-inducing activity 
on tobacco leaves. Two proteins 
were identified, one of which was an 
ammo-terminal deletion of harping, 
with even higher activity than the 
full-size protein; whether process- 
ing occurs during natural infection 
is not clear. Interestingly, the car- 
boxyl terminus contains two short, 
direct repeats that are essential 
for elicitor activity. The activity 
is in the same range as that of 
the Erwinia harping; however, to 
elicit an HR in other plants requires 
higher levels of the elicitor. He 
et ai show convincingly that the 
secretion of harping by P. s. pv. 
syringae depends on a product 
called HrpH that is closely related 
to proteins in other plant patho- 
gens, and also in animal pathogens 
such as Yersinia and Shigella, 
where they are essential for pro- 
tein secretion 9 * 10,14 . 

These exciting findings help ver- 
ify the model that Hrp proteins 
are involved in the transport of 
elicitors and virulence factors 7 . Not 
surprisingly, the results presented 
by He and co-workers 14 also stimu- 
late many questions. It needs to 
be shown that harpin Psl is actu- 
ally secreted when the bacterium 
interacts with tobacco tissue (the 
hrp genes were induced in vitro). 
The concentration needed for HR 
induction (more than 600 n\i) is 
much higher than one would ex- 
pect for specific signal molecules. 
Are harpins toxins? Most import- 
antly, what is their function in 
pathogenicity, and why do they 
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not elicit an HR in the host plant? 
Are harpins the only elicitors of 
nonhost HR in tobacco and poss- 
ibly in other plants? Is the same 
mechanism used in tobacco to rec- 
ognize both the Erwinia and the 
P. s. pv, syringae harpins? Is host 
resistance different in mechanism 
from nonhost resistance? Answers 
to this fascinating puzzle require 
the identification of more HR 
elicitors and their putative plant 
receptors. 
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Initiation and spread of a-herpesvirus 

infections 

Thomas C. Mettenleiter 



Herpesviruses are large ani- 
mal viruses with a DNA 
genome varying from ap- 
proximately 120 to 250 kb. Based 
on their biological properties, the 
Herpesviridae have been divided 
into three subfamilies, the a-, P- 
and y-herpesvirinae, prototypes of 
which are the human pathogens 
herpes simplex virus (HSV), 
cytomegalovirus (HCMV) and 
Epstein-Barr virus (EBV), respect- 
ively. As enveloped viruses, they 
depend on two consecutive pro- 
cesses for infectious entry into 
target cells: (1) attachment of free 
virions to cells and (2) penetration, 
that is, fusion of virion envelope 
and cellular cytoplasmic mem- 
brane leading to release of the 
nucleocapsid into the cell. Virion 
envelope glycoproteins play 
important roles in both these 
processes (see Refs 1,2 for recent 
reviews). 

After infection of primary tar- 
get cells, virus spread can occur 
by several different mechanisms. 
Infected cells may release infectious 



virions that reinitiate infection from 
outside. In addition, direct viral 
cell-to-cell spread from primary 
infected cells to adjacent non- 
infected cells may occur. In the host, 
virus may be disseminated by cir- 
culating infected cells that adhere 
to noninfected tissues and trans- 
mit infectivity directly. Recent 
results on HSV and pseudorabies 
virus (PrVf shed more light on 
these processes in a-herpesviruses. 
PrV causes Aujeszky's disease in 
swine, which is characterized by 
nervous and respiratory symptoms, 
and reproductive failure. Unlike 
HSV, PrV is not pathogenic for 
humans. However, the two viruses 
have several features in common, 
including a broad host range in 
vitro, and several species besides 
the natural host can be infected 
experimentally. In addition, all of 
the known PrV glycoproteins are 
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related to homologous glycopro- 
teins in HSV (Ref. 1)*, 

Attachment 

Binding of free infectious virus to 
target cells involves interactions 
between virion envelope glycopro- 
teins and cellular virus receptors. 
Herpes virions contain a large 
number of different virus-encoded 
envelope glycoproteins that might 
participate in attachment. A well- 
known example of a cellular herpes- 
virus receptor is the B-cell mem- 
brane protein CR2 (CD21), which 
binds EBV (Ref. 3). Recent studies 
have demonstrated that several 
a- (reviewed in Ref. 1), P- and y- 
herpesviruses 4 ' 5 bind to their target 
cells by interaction of virion com- 
ponents with cell-surface glycos- 
aminoglycans, principally heparan 
sulfate (HS) 6 . 



*At the 18 eh International Herpesvirus 
Workshop, a common nomenclature for 
a-herpesvirus glycoproteins was agreed on, 
based on designations of HSV glycoproteins. 
This nomenclature is used here. 
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Fig. 1A-C. Genetic and translational organization of the hrp gene cluster of different plant pathogenic bac:e':a. A Xanthomonas campestris pv. vesicatoria: B 
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Table 1. Sequence similarities of Xanthomonas WBbestrts pv. vesicatoria Hrp proteins 



Xanthomonas camoesws 
pv. vesicatoria 


HrpAl 1 


HroB6' 


HrpB3 5 


H.rpCl 2 


HrpC2' 


HrpC3' 


HrpOl 1 


Hrp02 J 


Pseudomonas soianacearum 


HrpA 3 


HrpE* 


Hrpl 3 


HrpN 5 


HrpO J 


HpaP* 


HrpQ* 


HrpT 4 


* 


(66%) 




(70%) 


(74%) 


(81 %) 


(54%) 






Pseudomonas 


HrpH* 








Hrpl' 








syrmgae pv. syrmgae 


152%) 








(62%) 








Yersinia enterocoiitica 


YscC 




YscJ 5 














155%) 




(56%) 












Yersinia pestis 


YscC 9 








LcrD 10 




LsaA" 


tsaB" 




(55%) 








(70%) 




(52%) 


(72%) 


Vorcinia ncoi trintt tHor/*t »//icic 
T tfl&IHIo fJOt/UUUlUUCl i,UIUjlJ 




YscN * 


LcrKa :3 
















173%) 


156%) 












Shigella flexneri 


MxiD u 


Spa47 s 


MxiJ :a 


Spa40 !7 


MxiA' 8 






Spa24" 




(50%) 


(65%) 


(52%) 


(55%) 


(65%) 






(67%) 


Salmonella typhimunum 


InvG' 9 


Soal ;: 




SpaS" 


InvA" 






SpaP 20 




(52%) 


(70%) 
Fhh" 




(56%) 


(67%) 






(64%) 






165%) 














Bacillus subtilis 




F!aA-ORF4" 




FlhB" 


FlhA" 






FliP™ 






(68%) 




(62%) 


(63%) 






(68%) 


Escherichia coli 




P-Fl" 












FliP" 






153%) 












(65%) 


Erwmia carotovora 














MopB M 


MopC 19 
















(49%) 


(65%) 


crxvtnia amylovora 










Hrpl 30 


















(62%) 








Rhizobium fredu 


NolW 3 ' 




NolT r 














151%) 




(61%) 












Caulobacter crescentus 










FlbF 32 


















(55%) 









c - 



Similarities between Deduced amino acid sequences of Hro proteins from X.c.pv.vesfcarof/a and other proteins include conservative amino acid exchanges. Number 
m parentheses indicates percent similarity. 
Superscript numbers indicate references as follows: 

1. Fenselau et al. 1992; 2,Bonas et al.. unpublished; 3. GouGH et al. 1992; 4. Genin et al. 1993. sequences unpublished; 5. Gough et al. 1993; 6. Huang et al. 1992; 
7, Huang et al. 1993; 8. Michiels et al. 1991; 9. Haddix ana Straley 1992; 10. Plano et al. 1991; 11. Fields et al. unpublished, accession # 122495: 12. Galyov. 
unDubhshed. accession * U00998; 13. Rimpilainen et al. 1992; 14. Allaoui et al. 1993; 15. Ven<atesan et al. 1992; 16. Allaoui et al. 1992; 17. Sasakawa et al. 1993; 
18. Andrews and MauRELU 1992; 19. Lodge et ai.. unpublished, accession # X75302; 20, Groisman and Ochman 1993; 21. VOGLER et al. 1991 ; 22, Galan et al. 1992; 
23. Albertini et ai. 1991; 24. Carpenter et ai.. jnoubhshea. accession # X741212; 25. Carpenter and Ordal 1993; 26. BiSCHOFF et al. 1992; 27. Saraste et al. 1981; 
28. Malakooti etai. unpublished, accession n L2 1994; 29. Mulholland et at. 1 993; 30. WEi ano BEER 1993; 31, Meinharot et al. 1993; 32. Ramakrishanan et al. 1991: 
Sanders et ai. 1992. 
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The HrpZ Proteins of Pseudomonas syringae 
pvs. syringae, glycinea, and tomato Are Encoded by 
an Operon Containing Vers/n/a ysc Homologs and Elicit 
the Hypersensitive Response in Tomato but not Soybean 

Gail Preston ' Hsiou-Chen Huang, 1 Sheng Yang He, 1 and Alan Collmer' 

ua . ... NY 148 53 U.S.A.; Agricultural Biotechnology 



The Fjeudomonoi y>rin ?ae pathovars are composed of 
h st-specific plant pathogens that charactensticajy elicit 
the defense-associated hypersensitive response (HR) in 
n nhost plants. P. s. pv. syringae 61 secretes an HR elici- 
t r. harpin PD (HrpZpJ, in a fcrp-dependent , 
internal fragment of the P. s. pv. synngae 61 hrpZ gene 
was used to done the hrpZ locus from R s. pv. gfycm* 
race 4 (bacterial blight of soybean) and P. s. pv. tomato 
DC3000 (bacterial speck of tomato). DNA sequence 
analysis revealed that hrpZ is the second ORF in a polyas- 
tronic operon. The amino acid sequence identities of 
HrpZpJHrpZp,, and HrpZp^rpZ*, were 79 and 63%, 
^tiVel™ Although none of the HrpZ proteins showed 
significant overall sequence similarity wiU, other known 
proteins, HrpZ^ contained a 24-amino acid sequence tiiat 
fah moiogous w\th a region of the PopAl elidtor protein 
of the tomato pathogen, Pseudomonas solanaceamm 
GMI1000. hrpA, the upstream ORF, was highly divergent: 
The amino acid sequence identities of HrpAj^/HrpA^j 
and HrpAf^HrpAp,, were 91 and 28%, respectively, and 
n HrpA sequence showed similarity to known proteins. 
In contrast, the predicted products of the downstream- 
ORFs in P. s. pv. syringae and P. s. pv. tomato, hrpB, 
hrpC, hrpD, and hrpE showed varying levels of similarity 
to those of yscl, yscj, yscK, and yscL ^ "•"""J* 
arranged genes in the virC locus of Yersinia spp., which 
are involved in the secretion of the Yop virulence proteins 
via the type III pathway. The similarity of the Ysc pro- 
teins was generally stronger in comparisons with the R s. 
pv. tomato Hrp proteins. The HrpZ proteins were punfied 
by heat denaturation of contaminating proteins followed 
by ammonium sulfate fractionation, hydrophobic chroma- 
tography, and gel electrophoresis. All three HrpZ prote ns 
elicited the HR in tomato, whereas none of them elicited 
significant necrosis in s ybean. The results indicate that 
HrpZ is enc ded in an operon containing some or the 
genes inv lved in its own secret! n and suggest that HrpZ 
structure does not directly determine bacterial host range. 

Corresponding author. A. Collmer. E-mail arc2@cotnell.edo 



Phytopathogenic strains of Pseudomonas syringae cause 
two patterns of necrosis when the bacteria invade a plant. On 
a susceptible ("compatible") host, a necrotic lesion often de- 
velops over a period of days, with necrosis spreading as the 
bacteria multiply and the plant becomes diseased. On a resis- 
tant or nonhost plant, a localized cellular necrosis is induced 
within 24 to 48 h, and bacterial multiplication is inhibited. 
This was first reported by Klement (1963; Klement et al. 
1964), who observed that when high concentrations of patho- 
genic bacteria are infiltrated into an incompatible plant they 
elicit a visible necrosis which is limited to the infiltrated area. 
This reaction, called the hypersensitive response (HR), in- 
volves localized cell death and production of anti-microbial 
compounds at the site of pathogen invasion (Bonas 1994).The 
ability of P. syringae and other nontumorigenic, gram- 
negative, bacterial pathogens to elicit the HR is governed by 
hrp genes. Typical Hrp" mutants arc pleiotropically defective 
in planta: They do not elicit the HR in nonhosts and they fail 
to multiply and cause disease in host plants (Lindgren et al. 
1986). Clusters of hrp genes have been identified in many 
gram-negative phytopathogenic bacteria (Bonas 1994). A 25- 
kb hrp cluster from P. s. pv. syringae 61 is sufficient to confer 
the tobacco HR phenotype, but not the pathogenic phenotype 
on nonpathogenic bacteria (Huang et al. 1988). hrp genes 
have also been cloned and characterized extensively from P. s. 
pv. phaseolicola NPS3121, P. solanaceanm GM1000, Xan- 
thomonas campestris pv. vesicatoria 75-3, and Erwinia amy- 
lovora Ea321 (Lindgren et al. 1986; Boucher et al. 1987; 
Beer et al. 1991; Bonas et al. 1991). Certain hrp genes are 
widely conserved among these pathogens, and several encode 
components of a protein secretion pathway that is similar to 
the type EH pathway used by Yersinia, Shigella, and Salmo- 
nella spp. to secrete extracellular proteins involved in animal 
pathogenesis (Van Gijsegem et al. 1993). One activity of the 
/irp-encoded secretion pathway in phytopathogenic bacteria is 
the secretion of proteinaceous elicitors of the HR, which are 
also encoded by hrp genes. 

The first /ifp-encoded elicitor characterized was harping, 
from E. amylovora (Wei et al. 1992). Similar elicitors have 
since been isolated from other bacteria, including P. s. pv. sy- 
ringae 61, P. solanaceamm GMI1000, and E. chrysanlhemi 
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i , 9 i 1Q94 - Bauer et al. 1994). 
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genes. The blolo 8;f™' e ? f b *i ne purified proteins can in- 
to not yet been detuned but *p ^ fl 
duce an HR on a nonhMiP^ u ion of ^ 

there are £S£ 5 ie editors, which sug- 

elicitor operons ? syring ae hrpZ product 

gests that the Erwirna ^^™£J J y represent three 

and the P. *J ££ I* we will refer to the P. 
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Caster varies in P. * pv. J^^flS^wttl*. *e bp 
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p«udomonads such as P. V™g"< ^ 
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/ovoro Ea321. ^ Uv f 1 ?;^ 1993). 
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PopAl from /> solanacearum*** appear o 
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RESULTS 

internal fragment of hrpZ fm ™? * ^'J ott ^ libraries 
,993). THe same probe^ «. used to MigB |» ^ 

constructed in i E . eob DWOi oy DNA into the 

^^SSSS^SS^ identified two p,asmids 
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maw) and pCPP2200 {fit. P 8/ f ^ PP 2201 and 

fragment was used to prob « Sjtejb^J ^ The probe 
pCPP2200 digested with BomHI. EcoKl. » from 
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pCPP2201 and pCPP2200 respectivejr (Fig. q J> ^ „ 
fragments were cloned into Uve M ^J™ lo C U 

sSons ^ ^jgar^^ 
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Somas^-SlnS gel .tat the bands for HrpZ*, and HrpZ, tt 
SS*ch imp.ies tha, low expression was . ipj*- 
m^uon for the low signal. In an attempt » improve tte 

BamW fragments containing the inserts Jjm £«™ ™ 
«rPP2203 behind the T7 promoter of pET21(+) *■ e«i 
create the plLmids pCPP2206 and pCPP2207. 



The T7 promoter enabled a moderate improv merit in protein 
expression (Fig. 2, lanes 3 and 5). 

A common arrangement of ORFs in the hrpZ operons of P. 
s. pv. syringae, R s. pv. glycinea, and R s. pv. tomato re- 
vealed by DNA sequence analysis. 

Previously, we determined the complete nucleotide se- 
quence of hrpZ from R s. pv. syringae by sequencing a 1.4-kb 
subclone of pHIRU (a cosmtd containing the entire hrp 
cluster from R s. pv. syringae) (He et al. 1993). In addition 
analysis of the complementation groups and transcriptional 
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The amino acid sequence of IJgj"^ similarity and 
served with respect to HrpZ*, «^ ^ lw0 

79% identity. HrpZ^, is less «j»jd "jjw identity to 

in aqueous solution. „ t l993)i we 
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syringae 
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tomato 

syringae 
glycinea 
tomato 

syringae 
glycinea 
tomato 

syringae 
glycinea 
tomato 

syringae 
glycinea 
tomato 



^^TrrAG AAGATCTGGA ACCGATTCGC GGACACATGC CACCTAGCTG 
TTT III^ rAGCGCTGGA ACGGATTTAA GGGTCGTTAC CACTA.TCTG 
SSSSa SJSSSS ACCGTATCGC AGGCTGCTGC CACTAGTGAG 

TACC«GC£ TTACOCTOOT ggOgg gag" ^"i; 

ScS^Sc^ iS^ffi ^GCATCAAA TC«— - 

... PliiiTTTCTTG . ACGCCCCTTC 

,2ib?"-- - H^TTTCTTGA ATGCCCCCAT 

---hrpA ttrr* PMttatttct gattgccccc 

336bp — - ■mm. ■■■■«» 

a/TACCTGAGG GGGCTGCTAC TTTTAGGAGG TTGTG. .W& 

rlcACAGAGG GGGCTGCTAC TTTGASSaSS TTGTG^ffi 
SSSSSfiG GGGCCGCTAC CTTGGGATGG GCGTTTT^ 

-> <= = = = = = == 

--I020bp-- - " " 

---hrpZ--- --1032bp-- - 

--ll07bp " 
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™^««~« CCGCCTGACG GAGAACTCAC |» 

W^twSc CCGCCTGACG GAGAACTCAC 

- CCGCCTGACG GAGAA CCAGT - 



— hrpB 



--369bp--- 

--369bp " 

--369bp ~- 



;fi|AGS TTTC 

ISgAGG TTCT 
j^AGGTTTC 



--SOlbp 

-hrpC incomplete 

--801bp--- 



mm GACCTGACCG CCGAGGACTA TTGGACTCAG 

^ AGCCTTTCTG CCGAGGATCA CTGGATTCAC 

ssss ssS sssss ss SXSSI 

sssss sssss ssss ssss s»""- 



hrpD --39€bp-:. 

396bp- 



mrnGTM:. .ccgctcctc tctgcaccag gaattctccc mji- 
::§atccg aaccagcttc tctgcatc&s g&atacgccc g&- 



hrpE 



--576bp~- 
--576bp--- 



C TTGCGGCGAA AATGGAACCG CTCCACCTGT 
™£SSct CTGCACTCAC TTGATCGCAT GATGOAACCG CTCGGCGGGT 

«=-«=«?Srr. ^TvTvr^fTTrzA ACCTTTCTGC TGGAGTATCA GGACATG 
SSSSS £StS ACcScTGC TGGAGCACCA GGACATG 



H. 3 Nucleotide sequences of the noncoding .egion, of the HrpZ «*«-»«^ * * E *j 
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gion found only m ™^ Jf 1 * ' untide and amino acid 



ioloMCianim. as shown at the ^.^^i^^ 
no overall similarity of the ammo acid and nucleoude se 
quences of HrpZ to the HR elicitors charactenzed torn . E 
Lytovora, £. c^anr/umi. and f> salom««i«m except to a 
degree accounted for by their similar composition. 
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The predicted HrpA protein of P. s. pv. tomato 
differs substantially from that of P. s. pv. syrmgae 
and P. s. pv. glycinea. 

The first ORF of the hrpZ operon starts 50 bp downstream 
of the conserved hrp/avr promoter motif, as shown in Figure 
3 The predicted product is a small (U kDa), hydrophilic 
protein with a hydrophobic N-terminus. An alignment of the 
amino acid sequences from all three pathovars is shown in 
Figure 4. Although the predicted sequences of HrpA from P. 
s. pv. syringae and P. s. pv. glycinea are highly conserved, 
with 92% similarity and 91% identity to each other. HrpA 
from P. s. pv. tomato is quite divergent, having only 42% 
similarity and 28% identity to HrpA from P. s. pv. syringae 
The presence of a ribosome binding site and the highly con- 
served character of HrpA in two of the three pathovars sup- 
ports the hypothesis that HrpA is translated. T7 polymerase- 
dependent expression of hrpA (described below) provides 
further evidence for production of a HrpA protein. Cell 
lysates of E. coli expressing only HrpA did not elicit the HR 
on tobacco (data not shown), which suggests that it does not 
contribute directly to the HR. The role of HrpA in the bacte- 
rium is unknown, and it shows no significant homology to 
any previously characterized proteins. 

17 expression studies. 

To confirm the production of proteins corresponding to the 
two sets of newly cloned hrpA and hrpZ genes, the BglQ-Pstl 
fragments from P. s. pv. glycinea and P. s. pv. tomato were 
subcloned into pET21(+) and the products specifically la- 
belled by T7 promotcr/polymerase-dependent expression in 
E coli BL21(DE3) cells incubated with [ 35 S]-methiomne 
(Studier et al. 1990). Radiolabeled proteins in the cell lysate 
were analyzed by SDS-polyacrylamide gel electrophoresis 
and autoradiography (Fig. 5). Lysates of celts containing 
PCPP221 1 displayed unique bands which corresponded well 
with the predicted molecular weight of HrpA (11.5 kDa) and 
were consistent with the previously observed mobihty of 
HrpZp,, (Fig. 5, lane 2). Lysates of cells containing PCPP2210 
contained bands corresponding to HrpZ*, (36 kDa) and HrpA 
(11 kDa)(Fig. 5. lane 3). No HrpB band was visible in the 
products of pCPP22l I (Fig. 5, lane 2). but this could poten- 
tially be attributed to the omission of cysteine, which is not 
required for HrpA and HrpZ synthesis, from the ammo-acids 
added to the reaction mixture. T7 expression of HrpB was 
independently confirmed for both P. s. pv. syringaemdP. s. 
pv. tomato using a 0.84-kb Pstl-Agel fragment of pHIRl I and 
the 3.7-kb Sacl-EcoKl fragment from pCPP2209. subcloned 
into LITMUS 28 to construct the plasmids pCPP2303 and 
PCPP2304. T7 expression in E. coli BL21(DE3) cells was 
performed as outlined above and in Figure 5. In each case a 
protein of about 13 kDa was observed, which corresponds 
well with the predicted molecular weight of HrpB from each 
of the two pathovars (data not shown). In an accompanying 
study Huang et al. (1995) have confirmed the production of 
proteins corresponding to HrpC, HrpD, and HrpE from P. s. 
pv. syringae 61. The similarities between the three pathovars 
suggest that the equivalent ORFs in P. s. pv. glycinea and P. s. 
pv. tomato also encode proteins. H wever when we inde- 
pendently confirmed the production of HrpD fr m P.t^\ pv. 
syringae 61 using a 1.3-kb Sad-Sad subclone from pHIRU 
cl ned into pT7-6 (pCPP2305) our results suggested the use 



of an alternative initiation codon t make a larger (21 kDa) 
HrpD protein (data not shown). In the absenc of a strong ri- 
bosome binding site at either of the putative initiation codons, 
the exact size of HrpD remains uncertain. 

The four ORFs downstream of hrpZ show varying 
similarities to Yersinia Ysc proteins. 

The hrpC, hrpD, and hrpE genes downstream of hrpZ in P. 
s. pv. syringae 61 have been sequenced and the products 
identified using T7 polymerase-dependent expression (Huang 
et al. 1995). Two of the predicted proteins, HrpC and HrpE, 
were shown to be homologous to the proteins YscJ and YscL, 
respectively, which are encoded in the virC operon of Yersinia 
enterocolitica and are involved in the type HI secretion path- 
way (Michiels et al. 1991). Homologs of YscJ have also been 
found in the hrp clusters of several other phytopathogenic 
bacteria, including P. solanacearum and X. campestris 
(Fenselau et al. 1992; Gough et al. 1992). Additional ho- 
mologs are Salmonella typhimurium FliF and Rhitob'uim 
fredii NolT (Jones et al. 1989; Meinhardt et al. 1993). The 
same four downstream ORFs are found in P. s. pv. tomato, 
and the partial sequence of the operon from P. s. pv. glycinea 
confirms the presence of the first two of these ORFs, hrpB 
and hrpC, in this pathovar (Fig. 6). 

HrpB is fairly conserved in all three pathovars, as shown by 
the alignment presented in Figure 6. It encodes a small serine- 
rich protein of approximately 13 kDa. BLAST searches using 
HrpB from either P. s. pv. syringae or P. s. pv. glycinea iden- 
tified no significant homologies, but a search using HrpB 
from P. s. pv. tomato identified similarity to the Yersinia pro- 
tein, Yscl. YscI is 115 amino acids long, thus slightly shorter 
than HrpB (127 amino acids), yscl lies immediately upstream 
of yscJ in the virC operon, which suggests that the down- 
stream ORFs of the hrpZ operon might be colinear with a re- 
gion of the virC operon. 
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Fig. 5. T7 polymerase-dependent expression and relabeling of HrpA 
ano HrpZ. T7 promoter/polymers expression was earned outus.nglhe 
pCT2K+) vector system in E. coll BL2I(DE3). Cell, were grown in LM 
to an OD« of O.S. .hen centrifuge* and resuspended in M9 min.mal 
medium supplemented with 0.01% amino acid, (lacking M*"™ "J 
cysteine). gtacott and thiamine. Cells were incubated at 30 Cfa r 3 h 

lowing plasmid. in lanes: 1. pET2l W. 2. pCPP22U; 3. pCPP22IO. 
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ysc genes led us to inspect the K f. pv-g « ^ 

HrpD proteins for po ""VJ^ * 0 D of R 
spp . YscK prot«n, 2£££ *e h^hest, with 
pv. jynngae and Y. P""™'" , 57% similar . The HrpD 
28% of the ammo acids '^"l™^ composition, and 
and YscK proteins are of s.rnrlar_ °« ra l c p However , 
they lack any predicted JJS, of lhe two 

^i^^TSSdSS tng. whereas YscK 
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tiation codon of the hrpD ORF is uncertain; it is 
™Z P D actually initiates immediately downstream of hrpC 
at the ATG codon which overlaps the st p codon of hrpC 
winch would yield a predicted protein of 176 amino acids fo 
HrozL or 175 amino acids for HrpZp tt in an arrangement 
St tia of the yscJ and yscK ORFs in Yersinia spp. 
Xe"e° this codon and all other potential initiation; :odons 
upTam of the one we have chosen lack 
sites and the pattern of codon usage suggests that the inter 

taut -^fasa 

a u«P/Yccl are lower than those involving Hrpdscj, 
tS^r^cl and HrpE/YscL are clearly «, 
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dicative of pr bable homology as based on a difference be- 
tween the scores for the optimized and the average o 100 
nmdom Gap alignments being at least 5 times the stanctod 
deviation for the randomized alignments (Doohttle 1986). 
The scores for HrpD/YscK lie at the margin of significance 
by this measure. However, the varying levels of similarity are 
consistent with the divergence observed between Hrp proteins 
from different P. syringae pathovars and between Ysc pro- 
teins from different Yersinia spp. The results for HrpB.C ana 
E lend support to the weak homology of HrpD to YscK and 
suggest that hrpB, hrpC, HrpD, and hrpE are cohnear with 
yjc/. yscJ, yscK t and yscL. 



In a recent report, Van Gijsegem et al. (1995) observe that 
the R solanaccarum GMI1000 hrp cluster also encodes ho- 
mologs of YscJ and YscL but not YscI and YscK. It is possi- 
ble that with relatively divergent Hrp s quences, similarities 
with Ysc proteins may be found only after examining the se- 
quences from several plant pathogens. It is interesting to note 
that there is no ORF following hrpE that is homologous to the 
protein encoded by the final gene of the virC operon, YscM. 
However, the hrpZ operon lies immediately upstream of the 
hrpH operon (Fig. 1), and HrpH is a homolog of YscC. a se- 
cretion protein which lies upstream of yscIJKL within the 
virC operon (Michiels et al. 1991). This suggests that a sig- 
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„ Hinn _ f the virC operon is conserved in P. sy- 
nificant proportion of tne via up 

h/pZ operons are summarized in Table l . 
compression, purification, and biological assay 

of 5ft SSfc. of e «* 

Hm7 elicited a clear HR on tobacco while control lysates 
SftjSSii vector alone did not. However the acuv- 
• ftTSi on the two host plants was more am- 

pressing ^ fL^^u, eval u ate the biological prop- 
lng vector alone. To a " u ™ e £ e Dath ovars. it was neces- 
enies of HrpZ from ^^g^Z** that the 

uLn once HrpA and > fusion P™*" 1 HnlB 5 
» HrpZ by *. origM «- 



factors. The first possibility was the presence of a cii-acting 
sequence contained in the 100 bp remaining upstnam of 
hrp/W Using a terminator analysis pr gram we identified a 
9-bp inverted repeat located between hrpA and hrpZ (Fig- 3)- 
Although this repeal lacks the AT-rich sequ nee 4°™**™ 
which is characteristic oFmany terminators, it is possible that 
its presence encourages premature transcription ^nation. 
Similar repeats, albeit with weaker secondary structure, can 
be found upstream of hrpZ^ and hrpZ,.,. A second factor 
contributing specifically to the low expression of hrp2^ ^may 
be the absence of a strong ribosome binding site. Finally 
there could be factors related to the proteins themselves, such 
as a lack of stability. 

To eliminate possible exacting sequences and to obtain 
clones of hrpZ* and hrpZ, H that lack hrpA and /irp* *e 
hrpZ genes from both pathovars were amplified by PCR, dt- 
rectionally cloned into pBluescript U and transformed into E. 
coli DH5a FW. We obtained significantly increased ex- 
C p S Housing the plasmid 1 pCPP2255 (Fig JXbut 
unexpectedly, overexpression of HrpZ*. 
terious to the cells, and plasmids recovered from transfer- 
mants often showed rearrangements. To maximize «P»»on 
of HrpZ*, under these conditions, we introduced subclones 
luinin the gene behind the TJ 'promoter of pBHlW 
(Novagen. Madison, WI). Unlike the tec promoter, the T7 
promoter is less sensitive to distance effects, and express on 
oTEk. in E. coli BL2l(DE3). with pET21 (+> as me vector, 
rented Tn increased expression as shown in Figures 2 and 8. 
Expression in BL2l(DE3) also allowed us to *™2 
complete repression of hrpZ until induction with IPTG Good 
expression of HrpZ Pn was achieved using the plasmid 
nCPP22l I in E. coli BL21(DE3). ... 

The quality of the samples obtained following partial pun- 
fication of the lysates by heat treatment was r VT!!^i„ fi 
ensure removal of the majority of the contaminaung proteins 
and to obtain a more concentrated sample of protein, we fur- 
ther purified HrpZ by ammonium sulphate P^P 1 ^" "J 
hydrophobic chromatography, which as indicated in Figure 8. 
yielded a distinct band on a Coomassie-stained 
active HrpZ could then be obtained by el ectroetouon fr m 
excised gel slices. This procedure was also used to isolate 
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HrpZ from the supematants of R s. pv. tomato and P. s. pv 
glycinea grown in /irp-inducing minimal media (Fig. 9). 
Preparations of the purified HrpZ proteins from R s. pvs. sy- 
ringae, glycinea, and tomato, at a concentration f >20 ^iM in 
MES buffer, were infiltrated into the leaves of tobacco, soy- 
bean, and tomato. The three proteins elicited a collapse in- 
volving >S0% of the infiltrated tissue in tobacco and tomato 
leaves that developed within 18 h and was typical of the HR 
elicited by incompatible R syringae strains, but they caused 
no visible reaction in soybean. It is worth noting that tobacco 
and tomato plants vary substantially in their sensitivity to 
harpin preparations. For example, some leaves on sensitive 
tomato plants will respond to 2 to 5 uM HrpZ*,. but S20 \iM 
is required for consistent results. Furthermore, unlike tobacco, 
tomato plants that have responded hypersensitively to a HrpZ 
preparation do not respond to subsequent infiltrations of the 
elicitor. The spurious necroses sometimes observed were de- 
duced to result from mechanical damage incurred during infil- 
tration or the infiltration of preparations contaminated with 
salts or containing high concentrations of vector control £. 
coli lysates. These necroses developed much more quickly 
(within 4 to 6 h), and were much weaker and patchier than the 
confluent HR elicited by HrpZ. The fact that the HR induced 
by HrpZ in tomato and tobacco is an active response of host 
tissue was confirmed by coinfiltration of either sodium va- 
nadate at 5' 5 x 10" 3 M or lanthanum chloride at 1 x 10 M. 
Each of these two inhibitors of plant metabolism completely 
inhibited the HR elicited by HrpZ preparations from each of 
the three pathovars but not the necrosis caused by the other 
factors mentioned. 

DISCUSSION 

We have used the R s. pv. syringae 61 hrpZ gene to isolate 
the hrpZ locus from R s. pv. glycinea race 4 and R s. pv. to- 
mato DC3000. Characterization of the hrpZ genes, products, 
and flanking DNA of these three pathovars has revealed the 
structure of the hrpZ operon, the relative variation among 



kD 1 2 



ORFs within the operon, the presence of genes d wnstream 
ot hrpZ that are colinear with a block of genes involved with 
Yersinia virulence protein secretion, and the presence in 
HrpZp lt of a sequence related t a sequence in the PopAl 
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Fig. 8. Overcxpression and purification of HrpZ^. Cultures were grown 
to an ODfioo of 0.6 and induced with I mM IPTG. HrpZp* was then par- 
tially purified from the cell lysate in a three-step process: first, by heat- 
treatmeni at 100°C as previously described, then by precipitation with 
ammonium sulphate at 30 to 45% saturation, and finally by binding to a 
hydrophobic resin (phenyl-sepharose) at 30% ammonium sulphate. A, 
Coomassie stained S DS -po I y aery 1 amide get. Lanes: 1, £ coli 
BL2l(DE3)(pET2l+); 2, £ coli BL21(DE3XpCPP221 1). B, Im- 
munoblot of the samples shown in A, probed with anti-HrpZp*, antibod- 
ies and visualized with goat anti-rabbit antibody conjugated with alka- 
line phosphatase. 
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Fig. 7. Overcxpression of HrpZ*, in E. coli DH5a F'/acA Cultures 
were grown overnight at 30 9 C in LM with I mM IPTG. Cell lysates 
were partially purified by heat treatment, separated on an SDS- 
polyacrylamide gel, transferred to Immobilon-P, immunobiotted with 
anti-HrpZpu antibodies, and visualized with goat anti-rabbit antibody 
conjugated with alkaline phosphatase. Lanes: 1, E. coli DHSa V'lacfi 
(pCPP2255); 2 £ coli DHSa V'tacfi (pBluescript IT). 



71.0 — 



30.6 — ■ 

Fig. 9. Purification of HrpZ,* from Arp-induced Pseudomonas syringae 
pv. tomato. Cells were grown in King's broth (KB) at 30°C and then 
resuspended in Arp-inducing minimal medium (Huynh et al. 1989) and 
incubated at room temperature overnight Cells were removed by cen- 
trifugation and the supernatant heat-treated at 100°C for 10 min. Pro- 
teins in Ihe supernatant were precipitated with ammonium suiphate at 
the percent saturations indicated. Proteins were desalted, concentrated, 
and resuspended in 5 mM MES using Cemricon-10 tubes (Amicon). A, 
Coomassie stained SDS-polyacrylamide gel. Lanes: 1, supernatant ex- 
tracted with Strataclean resin (Stratagene); 2. heat-treated supernatant 
extracted with Strataclean resin (Stratagene): 3, 0 to 20% ainrnonium 
sulphate fraction; 4, 20 to 30% ammonium sulphate; 5. 30 to 40% am- 
monium sulphate; 6, 30 to 45% ammonium sulphate. B # Immunoblot of 
the samples shown in A, probed with anti-HrpZft, antibodies and visual- 
ized with goat anti-rabbit antibody conjugated with alkaline phosphatase. 
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protein of Che tomato V^*£Z£ZX™ 

We also ^X^J&Z^'*"* 0 ** 
live as HrpZ* and HrpZ*, in ^etoung an 

n£rosis in soybean, the host of P. pv. *'yc.n«. 



The HrpZ proteins of three P. '>"XCTl£z proteins 

are sufficiently similar w iw . 
u ^^«finn of a seauence within HrpZp n ), tney snow nu 

Sen^r^^ 

lastingly, HrpZ is the ^^X^^ 
and HrpZ* 

tZJL tTvWW has been' speculated to allow the pro- 
S S'aVo?d P the P Hk-mediated cross-linking of tyrosine 
Sidles that may occur in plant cell walUd Unng defense re- 
ponses (Bradley etal. 1992; He etal. 1993). 

Interestingly, a 24 amino acid, glycine-nch stretch of 
HrX s3"'homology to part of PopAl . as does jtoeoj. 
nafe nucleotide sequence. The region of homology between 
hX and PopAl corresponds exactly to the mseruon m 
Hrjz^. The insertion of this element within 
auenSs that are otherwise similar among the three HrpZ 
Sins sueeests horizontal transfer and a common ancestry 
X PopAl 8 Because the host range of P. solanacearum 
Tverlaps^th that of P. s. pv. tomato it is tempting ; to specu- 
fate that this region has some particular s^canceto patho- 
genesis on tomato, although, as d.scussed be ow. tius us not 
obvious from the different effects of the two proteins on tomato. 

T^e pSLe of this insert in active HrpZ* is another indi- 
caS^e apparent plasticity of struclure/funcuon relauon- 
sn pslnihtse glycine-rich eUcitor proteins. That significant 
cEg« to theVuucture of these proteins does not rtohsh 
their activity was previously demonstrated when a fortuitous 
SSTeJi was'found to produce an active denvauve of 
Hn>Z missing the N-terminal 125 amino acids, and the popA 
X™"- observed to be degraded in culture to an active 
form missing the N-terminal 93 anuno ^ 
Ariat et al 1994) Clearly the presence of this additional 
Juema sequence does J t diminish the ability of the protein 
o eS *e HR. In fact, although it is difficult to mate a 
quantitative assessment. HrpZ* may actually be a slightly 
more potent elicitor of the HR than HrpZ*. 

However HrpZ* appears to differ from the other HrpZ 
D S be* deleterious to E. coli cells when overex- 
S»d is possibly more unstable, making 
Sy large amounts of the protein. Since the glycine-nch 
region is the most obvious difference between HrpZ* and 
HrUp,, ^ * possible that it contributes to this phenomenon. 



We were able to overcome this problem expenmen taHy by 
usme a Ughtly regulated T7 promoter/polymerase system, but 
never obtafned quite the same level of expression we achieved 
wTwZ*. and HrpZ.,. However, there remains die obvious 
question of how HrpZ toxicity is avoided by P. s. pv. tomato. 
One possibility would be that HrpZ is never expressed at lev- 
els high enough to affect the bacterium, even when it is in- 
duced in planta. Some indirect evidence for this hypothesis is 
provided by our examination of the DNA upstream of ArpZ*. 
The ORF has a weak ribosome binding siteT and we also ob- 
served that expression of cloned hrpZ from the lac promoter 
appears to be attenuated by the presence of cii-actmg up- 
stream sequences. A 9-bp GC-rich repeat upstream of hrpZ 
may be significant in this regard. Preliminary data from 
northern blotting experiments also indicate that P^amre 
transcription termination may take place when h^pA-hrpZ 
clones are expressed in E coli (G. Preston, unpublished). A 
second possibility is that the location of the hrpZ gene in an 
operon with secretion genes ensures tight coupling of syn- 
thesis and secretion. Genes encoding extracellular proteins 
and secretion pathway components are often coregula ed but 
with a few exceptions involving the type I pathway *ey do 
Tot lie within the same operon (Fath and Kolter 1993) A 
third possibility is that P. s. pv. tomato is more tolerant of 
high levels of HrpZ than is E. coli, or it possesses a means of 
keeping HrpZ in a nontoxic form while it is m the cell. 

Further comparison with the Yersinia virulence system pre- 
sents an intriguing possibility in this regard It has been 
shown that secretion of certain "Yops" (the Yersma patho- 
genicity determinants), involves chaperone proteins, small 
hydrophilic proteins which help keep the Yop protein , ,n ^ 
translocation competent form and help target .1 for secret.on 
(Wattiau et al. 1994). The genes encoding each chaperone are 
located adjacent to the gene encoding the corresponding Yop 
Given the presence of several small ORFs of undetermined 
function in the pMRll hrp cluster, it is tempting to speculate 
that one of them, particularly hrpA, might encode a protein 
with chaperone function. There is a superficial ^semblance 
between HrpA and Yersinia chaperones such as SycE. They 
are all small, hydrophilic. cytoplasmic proteins which lack a 
signal sequence, but there are no specific homologies. We are 
now constructing nonpolar mutations to test the role of HrpA 
in secretion. Preliminary results suggest that HrpA is not re- 
quired for E. coli MC4100(pHIRl 1) to elicit an HR or secrete 
HrpZ (J. R- Alfano. unpublished), but in chaperone-mediated 
systems limited secretion of a protein will usually occur even 
in the absence of its chaperone. so it may be necessary to look 
quantitatively at secretion and accumulation of HrpZ to assess 
whether mutations in hrpA or other hrp genes have an effect. 



The colinear relationship between several 

hrp and jrsc genes. . . . 

From the sequence of the hrpZ operon it is clear that the 
parallels with the Yersinia type IH secretion pathway extend 
bey nd homologies of individual genes. The four genes 
downstream of hrpZ. hrpB-E, appear to be arranged cohne- 
arly with the region of the virC secretion operon from 
Yersinia that encodes Yscl-L. The virC peron is a large op- 
eron containing 13 genes. yscA-yscM. several f which have 
been demonstrated to have a role in Yop secretion (Mich.els 
et al. 1991). Of the four Yersinia genes with putative ho- 
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mo logs in the HrpZ operon. only yscJ and J^£££ 
have a role in secretion. An ^m^ ^^ ^ 
fiv,- more hrv genes, downstream of the hrpH operon, arc 
SJS^Sb! ^ genes in the v.TB operon of Ver^ma 

rion nathwav described in Yersinia can be identified in r. sy 
IgZeZ ftt seems L*ely that increasing parallels between 
S systems will be found. In both systems the secreted 
J^teTnsSe involved with early events in the interaction with 
Z ho t expression of secretion genes and valence 
totems is ^^gh?y copulated. The secretion pathway seems 
K S a similarlay, as in both cases secreted 
£ c k an N-terminal signal peptide and are not posttransla- 
tionally processed. 



Szatfon 5 ne apopLl caused by ftp* bacteria (which oc- 

a stower rate* compatible interactions) 
Sage of sucrose and other nutrients to support bacterial 

T^S^^S^ of HR-e.iciting proteins 
Zpllgae and the phenomenon of host-specific a*n- 
oatiWuTThe failure of the PopAl protein to elicit the HR in 
fomato a host of P. solanacearum GMI1000. supports this 
S JSi et al. 1994) f Similarly, the plated * j£ £ 
ai Hm7 nrotein fails to elicit the HK in Dean, <u 

bean leaves appear insensitive to any harpms (He et : u. i *»J 
To further exte this question, we infiltrated all Oiree HrpZ 
£> eins intotiie leaves of the host plants for < -choM* 
oathovars. The host plants of /> x. pv. ^nngae 61. and MR x. 
JTSSL. bean and soybean, respectively, are umformly 
unre'active to HrpZ from both 

nathoeens however, tomato leaves proved to be highly sens 
uveTJ 'tSree HrpZ proteins. Thus, our dau argue ^ 
Ae hypothesis that host-differential actwity of HrpZ proteins 
control the host specificity of P. synngae P*«» 

If isolated HrpZ*, elicits the HR in tomato, why does 
pv. tomato not elicit the HR during P-*5^'°j£. 
Ability is that the response of tomato to ^^ S J 
S Verent than the response to HrpZ*, and HrpZ. £ 
spTte manifestation of the same gross morpho logy /That s the 

Ss elicited by HrpZ. is ^SSl^lX 
the HR and does not involve associated defen ses that step tne 
pathogen. We are now testing this P° sslb ** WI * 7^'° ' 
HR-£cif,c transcripts. A second V^^^SS 
production is regulated in a "ost-specific mannenHowever 
hmZ is clearly part of the Hrp rcgulon: HrpZ expression is 
SSy'linlced with genes encoding com = « of 
lhe secretion pathway, the HrpZ operons in all three of these* 
Zringae pathovars have virtually the same hrp/avr promo er 
SqXe'and expression of the HrpZ .operon is l*ely e- 
mrired for pathogenicity. The conserved promoter sequences 
suggTsi Ihat the /.rpZ operon is regulated in P. s. pv. glyanea 



and P. s. pv. tomato by the same nutritional condtti ns and 
HrpR. HrpS. HrpL regulatory cascade described for P. s. pv. 
syringae and P. s. pv. phaseolicola (Grimm and Panopoulos 
1989- Rahme et al. 1992; Xiao et al. 1992; Xiao et al. 1994; 
Xiao and Hutcheson 1994; Grimm et al. 1995). Whether dif- 
ferential expression of the Hrp regulon controls host specific- 
ity awaits determination. A third possibility is that the P. sy- 
ringae pathovars produce host-specific suppressors of defense 
responses. This is supported by the observation that com- 
patible pathogens do not trigger defense responses in host 
plants that are elicited by nonpathogens (Jakobek et al. 1993). 

It is important to note that our data do not eliminate the 
possibility that the three HrpZ proteins actually have differ- 
ential activity in host plants when delivered by living bactena 
and that the HR observed may be an abnormal response re- 
sulting from the presentation of a high concentration of Hrp^ 
in an artificial manner. In that regard, it is interesting that leg- 
umes, which appear insensitive to isolated hatpins, respond to 
Hrp recombinant E. coli cells that secrete the same proteins 
(He et al 1993). Experiments in which the hrpZ genes or r. 
syringae pathovars are switched or altered in their patterns of 
deployment should test more definitively the role of HrpZ in 
determining host specificity. «.„„ fa ; n j n o 
In conclusion, we have characterized an operon containing 
two components of the Hrp* system of P. ^™* fl< ^ 
of secretion-related genes that are conserved in eukaryotic 
pathogens in the genera Pseudomonas, ^nthononas.Er- 
linia Yersina, Shigella, and Salmonella^ a gene ^encoding 
an elicitor that is unique to plant pathogens. The eUcitons 
found in the P. syringae pathovars are a subfamily of a larger 
dass that appeal to be characteristic of plant pathogens and 
which we Postulate to have a role in releasing nutrients _for 
bacterial utilization. Our challenge now is to ° e ^° J™ 
the various components of the Hrp system have been adapted 
to serve plant parasitism in the face of plant defenses. 



MATERIALS AND METHODS 

Bacterial strains and plasmids. 

Bacteria and plasmids used in this study are shown in Tab£ 2. 

Pseudomonads were routinely grown in King s B broth (long 
et al 1954) at 30°C. but for. certain experiments the nrp- 
re^ng minimal medium of Huynh et aL 0***£f 
to dH 5 5 was used. £1 coli was grown in LM (Sambrook et al. 
VS) ofiTfic broth CTartof and Hobbs 1987). Plasmids we. 
introduced into bacteria by transformation (Sambrook et al. 
1989) or electroporation (Gene Pulser, Bic-Rad). 

stated in mis study were tobacco (NM* 
tabacum L. •Xanthif), tomato (Lycopemcon escuUntum 
Mill. 'Moneymaker'), and soybean {Glycine *«Jr; 
^Harosoy-). Plants were grown in a P*^£J££. 
chamber at 23' to 25'C with a photopenod ofl6 £ 24h. In 
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asis sr S^;^^r^ 

series of overlapping nested de euons c ven S 

was .?« ^jSSSTii synced from 

(Promega, M «^J^™^^ue version 2.0 (U.S. 
double-suanded emp »t« using jeq ^ 

Biochemicals, Cleveland. OH) ™ iflc primcrs 

primers. ^j^^^St^^^ ^ 

done with the BLAST program (Altschul et al. wuj. 
PCR amplification of hrpZ from P. s. pv. glycinea 

were amplified by PCR from the plasimds P CPP2202 



oCPP2203. respectively. Reactions were performed using the 
K OptimizerWt (Invitrogen. San Diego, CA) according o 
the manufacturer's instructions. ^^^^t^ 
mineral oil and incubated in a Hybaid Thermal Reactor 
(Hybaid, Teddington. U.K.) using these PgS^* 
min at 94'C, followed by 30 cycles of 1 mm at 94 C. 2 mtn 
at 55'C 3 min at 72'C. followed by a final incubauon of 7 
min at 72°C. The primers used for hrpZf,, were 5 - 
TACGGGATCCnTGAGOAGGTTGTGATG-3 and 5 - 
TACGCTGCAGTATC AGTCAGGCAGCAGC-3^ and those 
f«, hmZ. were 5 '-TACGGG ATCCATGCAAGC ACTTA 
ACAGlr and 5 ^GG AACTGC AGC AAGCTCCGGCGA- 
TACAC-3'. All primers were synthesized by Integrated DNA 
Technologies. Inc. (Coralville. 1A). and were d«igne d to.n- 
troduceaBamfflandaP5flsiteatthe5 and 3 ends, respec 
lively, of each amplified fragment 

£ A*Z* ^gment from pCPP2202 was 
amplified in all reaction buffers tested. The hrpZ,* fra^ent 
from pCPP2203 was successfully ampUfied using reacUon 
buffer B (reaction concentration 60 mM Tns-HCl, 1 rnM 
UaSoI 2 mM MgO* P H 8.5). PCR products of the ex- 
pea* sizes of 1.0 and 1.2 kb were purified from an agarose 
eel digested with PsA and BamWy cloned into pBluescnpt II, 
and then transformed into E. call DH5a F'/acI. yielding 
SuiS PCPP2255 carrying fcrpZ*, Plasmids contauung 



T able 2. Bacterial strains and plasmids u sed in this study 
Designation Kelevant characteristic^ 

Escherichia colt 
DH5a 



DHSaFlacf 1 

BL21CDE3) 
Pscudomonas syringae 
pv. syringae 61 
pv. giyemea race 4 
pv. tomato DC3000 
Plasmids 

pBluescriptll SK(-) 

P UCP19 

pET21(+) 

pT7-6 

LITMUS 28 

pHIRH 

pSYHIO 

pCPP2303 

pCPP2305 

pCPP2200 

pCPP2202 

pCPP2204 
pCPP2206 
pCPP2208 

pCPP22lO 

pCPP2255 

pCPP220l 

pCPP2203 

pCPP2205 
pCPP2207 
pCPP2209 
pCPP2304 
pCPP22U 



sup*M *acU!69 (^0/acZAMl5) WR17 "cAl «*l ^A96 AM relM Ntf 

T Pro** tacl^S ^ 
P recA\ hsdKH (r k W) deoK W fl*B44X gyrA96 MAI 

F ompT /urfBalre* n* B ") *** DE3 

Wild type 
Wild type 
Wild type, Rp f 

Cloning vector, Amp 1 
pUC 19 derivative, Amp f 

T7 transcription vector, Amp . . 

T7 transcription vector; Amp 1 T 

SSSTconling P., pv. syrinx « • cluster 

185 kb Sm-ftrt fc&w subclone from pO>P2202 m pET2l(+) 
PCR-ampUHed ^SSlP?^ umoio DNA with top** 

entation wiih respect to . _ 

A, PCPP2203 but with /.rpZ„ in reversed to ft. 



Reference or source 

Hanahan 1983; Ufe Technolo- 
gies, Inc. Grand Island, NY 
Life Technologies Inc. 

Novagen 

Baker et at. 1987 

C. J. Baker 

D. E. Cuppels 

Stratagene 
Schweizerl991 
Novagen 

Tabor and Richardson 1988 
New England Biolabs 
Huang etal. 1988 
He«faM993 
This study 
This study 
This study 
This study 

This study 
This study 
This study 
This study 
This study 
This study 
This study 

This study 
This study 
This study 
This study 
This study 



• Am P < = ampicillin resistance; Nal'= nalidixic acid resistance; Rp< 



s rifampicin resistance. 
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PCR-amplified hrpZ* were found to be unstable and ap- 
peared to promote cell lysis. 

HrpZ purificati n and analysis. 

HrpZ was purified from E. coli as previously descnbed (He 
et al 1993) with the following modifications. Cells were 
lysed in either 5 mM 2-(N-morpholino) ethanesulfomc acid 
(MES), pH 5.5, or cell lysis buffer (50 mM Tris-HCl, I mM 
EDTA, 100 mM NaCl, pH 8.0). For some experiments » the 
supernatant from heat-treated lysate was partially punfied af- 
ter sonication by ammonium sulphate precipitation (25 to 
45% saturation), with desalting and concentration being per- 
formed with Centricon-10 tubes (Amicon). For experiments 
requiring highly purified HrpZ expressed tn E. coli 
BL2KDE3), the supernatant was further punfied by binding 
to phenyl-sepharose (Sigma) in the presence of ammonium 
sulphate (>30% saturation) and elution with 5 mM MES, pH 
5 5 followed by electrophoresis through a native 15% poly- 
ac^lamide gel. The purified protein was then eluted from 
excised gel slices using an Elutrap apparatus (Schleicher & 
Schuell) or from crushed gel slices using a Micropure separa- 
tor (Amicon). Protein concentrations were determined using 
Bio-Rad protein assay solution. HrpZ was also purified from 
heat-treated supernatants of P. syringae grown in hrp- 
inducing medium (Huynh et al. 1989) by ammonium sulphate 
precipitation (25 to 45% saturation) and desalting/con- 
centration using Centricon-10 tubes. For infiltration into plant 
tissue, HrpZ preparations were diluted to various degrees with 
5mM MES, pH 5.5. The amino-terminal sequence analyses 
were performed at the Cornell Biotechnology Program Pro- 
tein Analysis Facility (HrpZ P „) and the University of Ken- 
tucky Macromolecule Structure Analysis Facility (HrpZ Pl J. 

T7 expression and labeling of proteins in E. coli. 

Proteins encoded by the hrpZ operon were expressed in E. 
coli BL21(DE3) by using the pET2l(+) T7 expression system 
(Novagen). Conditions for isopropyl-p-D-thiogalac- 
topyranoside (IPTO) induction of T7 RNA polymerase- 
dependent expression and labeling with L-[ 35 S]methionme 
were as described by Studier et al. (1990). After being la- 
beled, cells were collected .bx.centrifugation and then resus- 
pended and lysed in SDS-loading buffer and the proteins re- 
solved on an SDS-polyacrylamide gel. Gels were stained, 
dried and exposed to Kodak X-ray film. 

Nucleotide sequence accession numbers. 

The nucleotide sequences reported in this paper have been 
deposited in GenBank under accession numbers L41861 (P 
syringae pv. tomato hrpA, hrpZ, hrpB, krpC, hrpD, hrpE). 
L41862 (P. syringae pv. glycinea hrpA, hrpZ, hrpB), L41863 
(P. syringae pv. syringae hrpA\ and L41864 (R syringae pv. 
syringae hrpB). 
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